In Saccharomyces cerevisiae, the repressor Crt1 and the global corepressor Ssn6-Tup1 repress the DNA damage-inducible ribonucleotide reductase (RNR) genes. Initiation of DNA damage signals causes the release of Crt1 and Ssn6-Tup1 from the promoter, coactivator recruitment, and derepression of transcription, indicating that Crt1 plays a crucial role in the switch between gene repression and activation. Here we have mapped the functional domains of Crt1 and identified two independent repression domains and a region required for gene activation. The N terminus of Crt1 is the major repression domain, it directly binds to the Ssn6-Tup1 complex, and its repression activities are dependent upon Ssn6-Tup1 and histone deacetylases (HDACs). In addition, we identified a C-terminal repression domain, which is independent of Ssn6-Tup1 and HDACs and functions at native genes in vivo. Furthermore, we show that TFIID and SWI/SNF bind to a region within the N terminus of Crt1, overlapping with but distinct from the Ssn6-Tup1 binding and repression domain, suggesting that Crt1 may have activator functions. Crt1 mutants were constructed to dissect its activator and repressor functions. All of the mutants were competent for repression of the DNA damage-inducible genes, but a majority were "derepression-defective" mutants. Further characterization of these mutants indicated that they are capable of receiving DNA damage signals and releasing the Ssn6-Tup1 complex from the promoter but are selectively impaired for TFIID and SWI/SNF recruitment. These results imply a two-step activation model of the DNA damage-inducible genes and that Crt1 functions as a signal-dependent dual-transcription activator and repressor that acts in a transient manner.
Transcription induction of repair genes upon DNA damage is conserved in all organisms examined, from Escherichia coli to human beings (11, 50) . Among these genes are those encoding the subunits of enzyme ribonucleotide reductase (RNR), which catalyzes the rate limit step in deoxyribonucleotide triphosphate synthesis. In the yeast Saccharomyces cerevisiae, the RNR2, -3, and -4 genes are predominantly regulated by a transcriptional repression mechanism through the DNA damage response elements, or X boxes, which are recognized by the sequence-specific DNA binding protein Rfx1/ Crt1 (20) . The X boxes are also found in the promoter of CRT1 itself and HUG1. The function of HUG1 is not known, but it shows genetic interactions with genes in the DNA damage checkpoint pathway (1) . The repression of the CRT1 gene by its own product suggests that a negative feedback pathway is important for the reestablishment of the repression state after the elimination of DNA damage (20) .
The Ssn6-Tup1 corepressor is crucial for repression of the DNA damage-inducible genes. The corepressor is recruited to the target promoters by the N-terminal (1-240) region of Crt1 and is released together with the repressor upon DNA damage (20, 23, 48, 49) . Ssn6-Tup1 is a yeast global corepressor regulating genes controlled by distinct cellular pathways (for a review, see reference 38) . Multiple mechanisms can be utilized in Ssn6-Tup1 function, including (i) nucleosome positioning through histone tail binding (6, 9, 10) , (ii) histone deacetylase (HDAC) recruitment (2, 8, 44, 47) , and (iii) direct interference with activators or transcription machineries (15, 17, 19, 27) . Both the Ssn6-Tup1 recruitment and histone deacetylation are localized to the upstream repression sequences (URS), which contains the binding sites for Crt1 (7, 48) . A repressive nucleosome array over the RNR3 promoter is dependent upon Ssn6-Tup1 and Crt1 (24) . Deletion of CRT1, SSN6, or TUP1 or inducing the cell with the DNA-damaging agent methyl methane sulfate (MMS) causes the disruption of the nucleosome array and gene activation, suggesting the critical role of chromatin structure in RNR3 gene regulation (24) . Work from our lab also showed that the Ssn6-Tup1-dependent nucleosome positioning at RNR3 requires the collaboration of the ISW2 nucleosome remodeling/spacing complex, and the loss of nucleosome positioning upon DNA damage requires the SWI-SNF chromatin remodeling complex (37, 48) , indicating that its regulation requires a balance between nucleosome positioning and remodeling.
Crt1 belongs to the winged-helix family of DNA binding proteins, characterized by their unique "winged-helix" DNA binding domain with a separate and independent dimerization domain (12, 14) . Its homologues in higher eukaryotes are generally referred to as RFX proteins. In contrast to the human RFX proteins, which are known to be involved in both the activation and repression of transcription (21, 22, 36) , Crt1 was initially isolated as a repressor and was shown to dissociate from the target promoter upon induction, arguing against a role in activation (20) . However, Crt1 was later found to interact with TFIID, which generally acts as a coactivator (23) , suggesting that it may have activator functions at DNA damage-inducible genes or other genes in vivo. In addition, the corepressor Ssn6-Tup1 has recently been shown to function as a coactivator at some target promoters (28, 29) . Thus, the activation of the DNA damage-inducible genes might require transient activation functions of either Crt1 or Ssn6-Tup1.
Here we describe the characterization of the repression and activation functions of Crt1. We demonstrate that Crt1 contains two distinct repression domains and a region within the N terminus that is required for activation. Targeted mutagenesis of Crt1 was conducted to identify mutants that disrupt its activation functions while preserving repression activities. All of the mutants, when reintroduced into a crt1-null strain, are capable of repressing DNA damage-inducible genes, recruiting Ssn6-Tup1 to the URS, and establishing a nucleosomal array over RNR3. Significantly, derepression of transcription was specifically blocked in most mutants, which thus are "derepression defective." Chromatin immunoprecipitation assays suggest that these mutants are blocked after corepressor release but at the coactivator recruitment step. These results imply a Crt1-dependent two-step activation model for DNA damageinducible genes and suggest that Crt1 can function as a transcription activator, analogous to its mammalian homologues.
MATERIALS AND METHODS
In vitro mutagenesis and strain construction. The wild-type CRT1 gene (Ϫ798 to ϩ2986) was cloned by amplification of yeast genomic DNA by PCR, digested with restriction enzymes ApaI and EagI, which cut at the 5Ј and 3Ј ends, respectively, and inserted into the same sites in the pRS404 plasmid (4) . There is an EcoRI site at ϩ516 (corresponding to amino acid residue 172) of the CRT1 open reading frame. Crt1 mutants were constructed by in vitro mutagenesis as follows. The ⌬162-172 mutant plasmid was constructed by replacing the ApaI/EcoRI fragment in the wild-type plasmid with a digested PCR product corresponding to Ϫ798 to ϩ486 of the CRT1 locus. The ⌬172-182, ⌬172-202, and ⌬172-220 mutants were constructed by replacing the EcoRI/EagI insertion with PCR products corresponding to ϩ546 to ϩ2986, ϩ606 to ϩ2986, and ϩ660 to ϩ2986 of the CRT1 locus, respectively. The ⌬181-200 and ⌬203-220 mutants were constructed by oligonucleotide site-directed mutagenesis. The pRS404-CRT1 wild-type and mutant derivatives were then digested with StuI, which cut at Ϫ522 of CRT1, and integrated into a strain deleted of the coding sequence of CRT1(⌬crt1::KanMx), YJR851. The integration and copy number were confirmed by PCR and Southern blotting.
The C-terminal mutations, ⌬644-811 and ⌬709-811, were constructed by inserting a stop codon by homologous recombination as described previously (25) . Deletion of SSN6, TUP1, and HDACs was carried out by one-step replacement using PCR-generated cassettes (4) . A complete list of strains is found in Table 1 . Primer sequences and details of the constructs are available upon request.
RNA isolation and Northern blot. RNA isolation was carried out as previously described (42) . Ten to fifteen milliliters of yeast cells grown in YPAD (1% yeast extract, 2% peptone, 20 g/ml adenine sulfate, 2% dextrose), treated or untreated with 0.03% MMS, was harvested by centrifugation, washed with cold STE buffer (10 mM Tris-HCl [pH 7.4], 100 mM NaCl, 1 mM EDTA), and resuspended in RNA preparation buffer (1% sodium dodecyl sulfate [SDS], 100 mM Tris-HCl [pH 7.5], 10 mM EDTA, 500 mM NaCl). RNA was released with bead beating in the presence of 150 l phenol-chloroform, extracted once more with phenol-chloroform, precipitated with ethanol, and dissolved in diethyl pyrocarbonate-treated water. Twenty micrograms of RNA was separated on 1% formaldehyde-agarose gels and transferred to a nylon membrane (Amersham-Pharmacia) by capillary blotting. After UV cross-linking and a 4-h prehybridization at 65°C, radioactively labeled gene specific probes were added and incubated overnight.
␤-Galactosidase assay. ␤-Galactosidase assays were carried out as described in a previous publication (32) . In brief, the LexA-Crt1 fusion proteins were expressed from pEG202. The reporter plasmid pJK101 contains LacZ (␤-galactosidase) under the control of a minimal GAL1 promoter in which four LexA operators were inserted upstream of the TATA box (5) . The LexA and reporter plasmids were cotransformed into yeast strains and selected on proper synthetic dropout (SD) medium supplemented with dextrose (2%). Three to six colonies from each transformation were picked, inoculated to 5 ml liquid SD-raffinose (3%), and incubated at 30°C with shaking until saturation. The liquid cultures were then reseeded into 5 ml fresh SD-raffinose liquid medium, grown to log phase (optical density at 600 nm [OD 600 ] of 0.5 to 1.0), collected by centrifugation, and washed with cold STE buffer (10 mM Tris-HCl [pH 7.4], 100 mM NaCl, 1 mM EDTA). The cell pellets were resuspended in 250 l breaking buffer (100 mM Tris-HCl [pH 8.0], 1 mM dithiothreitol, 20% glycerol), cell lysates were prepared by vortexing in the presence of glass beads, and ␤-galactosidase activity was analyzed. For the ␤-galactosidase assays with the ⌬rpd3 ⌬hos1 ⌬hos2 mutant (YJR473) (URA ϩ ), a derivative of pJK101 containing a TRP1 marker was used. GST pull-down assay. Full-length or fragments of CRT1 was amplified by PCR and cloned into pGEX3 or pRET3aGST (a gift from Song Tan). The glutathione S-transferase (GST)-Crt1 fusion proteins were expressed in E. coli BL21(DE3 LysS) and purified using glutathione-agarose beads according to the manufacturer's recommended conditions (Amersham-Pharmacia). The purity of the fusion proteins was examined by SDS-polyacrylamide gel electrophoresis (PAGE) gel followed by Coomassie blue staining. The concentration of purified protein was quantified by the Bradford assay (Bio-Rad) and verified by SDS-PAGE. The final concentration of protein was adjusted to approximately 1 mg fusion protein per ml of beads. Yeast whole-cell extract from a nine-Myc-tagged Swi2 strain was prepared as described previously (30) . Beads containing 25 g of GST fusion protein were washed twice with 0.15 M buffer T (20 mM HEPES [pH 7.6], 150 mM potassium acetate, 20% glycerol, 10 mM magnesium acetate, 5 mM EGTA, 0.003% NP-40, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and a cocktail of protease inhibitors), mixed with 200 l of whole-cell extract adjusted to 5 mg/ml protein with 0.15 M buffer T, for 1 to 2 h at 4°C with rotation. The beads were then washed four times for 10 min with 500 l 0.15 M buffer T. The bound proteins were eluted twice with 20 l of 1 M NaCl buffer T, separated by SDS-PAGE gel, transferred to a nitrocellulose membrane, and then detected . After a 60-min incubation at 4°C, the beads were collected by low-speed centrifugation and washed four times for 10 min each with 500 l of binding buffer. The bound proteins were eluted in SDS-PAGE loading buffer, separated by SDS-PAGE, stained, treated with En 3 Hance (Dupont-NEN), dried, and exposed to X-ray film.
Nuclease mapping. Nuclei isolation was carried out essentially as described previously (24, 35) . In brief, 1 liter of cells were grown in YPAD rich medium to an OD 600 of around 1.0, harvested, and digested with Zymolyase T100 (Seikagaku). Spheroblasts were lysed by homogenization, and the nuclei were isolated and washed by differential centrifugation. The nuclei were resuspended in digestion buffer, accordingly to the size of the nuclei pellet, and digested by 0, 2, 4, and 8 units/ml of micrococcal nuclease (MNase) (Worthington) for 10 min at 37°C. The digestion was stopped by the addition of EDTA, and the DNA was purified by RNase A and proteinase K treatment and phenol choloroformisoamyl alcohol extraction. The purified DNA then was digested by PstI, electrophoresed on agarose gels, and detected by Southern blotting using a 200-bp probe specific for one end of the PstI fragment (24) . Naked DNA was treated the same, except that the MNase digestion was after the purification of the DNA from the nuclei and less enzyme was used.
ChIP. The chromatin immune precipitation (ChIP) assay was performed as described previously, with minor changes (18, 49) . A 50-ml culture of cells were grown in YPAD medium to an OD 600 of 0.5 to 1.0 (the induced cells were treated at an OD 600 of 0.7 with 0.03% MMS and incubated for 2 h before harvest). Then, the cells were cross-linked with 1% (vol/vol) formaldehyde at room temperature for 15 min. The formaldehyde was quenched by the addition of glycine to 125 mM and shaking for 15 min at room temperature. After washing, cells were then broken by vortexing with glass beads, and the lysate was sonicated. The lysates were then clarified by centrifugation, and 200 l was used per immunoprecipitation, together with 1 l of anti-TBP, -TAF1, or -Snf2 polyclonal antiserum, anti-Myc (9E10), 8WG16 monoclonal antibody (Covance), 1 to 5 l of affinitypurified Crt1 antibodies, and 1 l of diluted anti-Tup1p polyclonal antibody (1/200). The immune complexes were isolated with 25 l of protein A Sepharose CL-4B beads (Amersham-Pharmacia) and washed extensively, and the DNA was eluted from the beads. The cross-links were reversed by incubating the samples at 65°C overnight. After purification, the precipitated and input DNA was analyzed by semiquantitative PCR. For Crt1 and Tup1 cross-linking, a primer pair flanking X boxes in the upstream regulatory sequence (URS) was used (amplifying from Ϫ448 to Ϫ236). For TBP, TAF1, and Snf2 recruitment, a primer pair flanking the core promoter/TATA box was used (amplifying from Ϫ179 to ϩ8). The PCR products were loaded into a 2% agarose gel, stained with ethidium bromide, scanned with the Typhoon system (Molecular Dynamics), and quantified using ImageQuant software.
RESULTS
Crt1 has Ssn6-Tup1-independent repression activities. The DNA damage-inducible genes RNR3 and HUG1 are repressed through the combined actions of Crt1 and the Ssn6-Tup1 corepressor complex. However, both genes are derepressed to a higher level in a ⌬crt1 mutant than in either a ⌬ssn6 or ⌬tup1 mutant (1, 24, 51) (Fig. 1 ). This is strikingly obvious for HUG1 (Fig. 1 ). Crt1 can bind to either Tup1 or Ssn6 in vitro (20, 24) , so the residual repression activity in the single corepressor mutants could be due to redundancy. A number of lines of evidence suggest that Ssn6 and Tup1 can function independently. It is known that both Ssn6 and Tup1 can bind to histone deacetylases individually (8, 44) . Also, deleting SSN6 or TUP1 has distinct affects on the repression and chromatin structures at certain loci (6, 45) . To rule out redundancy, we analyzed the expression of RNR3 and HUG1 in a double ⌬ssn6 ⌬tup1 mutant. Figure 1 shows that the double mutant had a level of derepression similar to that of the single mutants, indicating that SSN6 and TUP1 do not contribute individual, redundant repression functions at these two genes. This is in agreement with our studies showing that deleting SSN6 or TUP1 individually has identical effects on the chromatin structure of RNR3 and those of another group, showing that the recruitment of Tup1 to promoters requires Ssn6 (7, 24).
The levels of RNR3 and HUG1 expression in wild-type cells and ⌬ssn6, ⌬tup1, and ⌬crt1 mutants were analyzed by Northern blotting. Small cellular RNA (scR1), transcribed by RNA polymerase III, was used as the loading control. The RNR3 and HUG1 hybridization signals were quantified, normalized to scR1, and expressed relative to the signal from untreated wild-type cells, which was arbitrarily set as 1.0. (B) Expression of RNR3 in wild-type and corepressor mutants before and after treatment with 0.03% MMS for 2 h. (C). Chromatin immunoprecipitation assay using antibodies raised against the N terminus of Crt1. Cells were treated with or without MMS as described for panel B prior to cross-linking. The immunoprecipitated DNA was amplified using primers flanking the URS, and the signals were quantified and normalized to the input DNA. Data are expressed as percentage immunoprecipitation (IP). The average and standard errors from the mean of four independent repeats are shown.
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Next, we used epistasis analysis to rule out two additional explanations for the phenotypic differences between CRT1 and corepressor mutants. ⌬ssn6 and ⌬tup1 mutants display a variety of phenotypes, including slow growth and temperature sensitivity (41, 46) , suggesting that the reduced transcription could be due to reduced cell vitality. In addition, recent reports suggests that Tup1 plays a positive role in transcription of saltand galactose-induced genes (28, 29) , and it is possible that Tup1 plays a similar role at RNR3 and HUG1. If either of these two models is correct, it is expected that deleting TUP1 in a ⌬crt1 background would reduce the levels of mRNA back to that observed in the ⌬tup1 mutant. Figure 1 clearly shows that the double ⌬crt1 ⌬tup1 mutant had a level of derepression similar to that of a single ⌬crt1 mutant and significantly above that of a ⌬tup1 mutant; thus, the different phenotypes of the ⌬tup1 and ⌬crt1 mutants cannot be explained by a positive role for Tup1 at DNA damage-inducible genes. Furthermore, since the ⌬crt1 ⌬tup1 mutant showed the same flocculation and slowed-growth phenotypes as the single ⌬tup1 mutant (not shown), reduced vitality likewise cannot explain the phenotypic differences. Based on these results, we propose that Crt1 has Ssn6-Tup1-independent repression functions.
If Crt1 has corepressor-independent functions, we would expect that treating ⌬tup1 or ⌬ssn6 mutants with MMS would cause the release of Crt1 from the promoter and alleviation of the residual repression. However, we found that treating the mutants with MMS caused only a very slight increase in the level of RNR3 RNA (Fig. 1B) , suggesting that either Crt1 is not released from the promoter or Crt1 is not responsible for the repression observed in the corepressor mutants. To distinguish between these two possibilities, we examined the cross-linking of Crt1 to RNR3 in wild-type cells and the mutants before and after MMS treatment. The results in Fig. 1C indicate that Crt1 is bound to the URS of RNR3 in the absence of DNA damage in both the wild type and the ⌬tup1 and ⌬ssn6 mutants. Furthermore, we detected a reproducible ϳ1.7-fold increase in Crt1 cross-linking in the corepressor mutants. More importantly, we found that the level of Crt1 cross-linking is reduced about fivefold in wild-type cells but only ϳ1.5-fold in the corepressor mutants and that the level of cross-linking in the corepressor mutants after MMS treatment was equal to that in untreated wild-type cells. Thus, the failure to observe significant derepression of RNR3 in the corepressor mutants after MMS treatment results from the persistence of Crt1 at the URS.
Identification of two repression domains in Crt1. Our laboratory revealed that the N-terminal 240 amino acids (1 to 240) of Crt1 contain a strong repression domain and interact with Ssn6-Tup1 in vitro (23) . To gain more insight into the function of Crt1, we further mapped this domain by analyzing the ability of LexA-Crt1 fusion proteins to repress a LacZ reporter containing four LexA binding sites inserted upstream of a core promoter, pJK101 (5). As previously reported, the Crt1 Nterminal 1-240 region conferred about 50-fold repression when fused to the DNA binding domain of LexA (23) . We found that the repression domain can be localized down to the first 130 amino acids (1 to 130) without a significant loss in activity ( Fig. 2A) . However, neither LexA-Crt1(1-90) nor LexA-Crt1(77-240) displayed significant repression activity in this assay (23; also data not shown), and thus, our mapping indicates that the major repression function of Crt1 lies within amino acids 1 to 130 of Crt1. Furthermore, Ssn6-Tup1 binds to this region in vitro (see below).
Our previous work also noted that a LexA derivative containing amino acids 319 to 811 of Crt1 repressed the reporter construct weakly, but unlike the N terminus of Crt1, it did not bind to Ssn6-Tup1 in vitro (23) , thus suggesting that the C terminus may contain Ssn6-Tup1-independent repression activity. Given that LexA-Crt1(319-585) showed no repression activity in the same assay, we directed our studies towards the region located between amino acids 595 and 811. LexA-Crt1 derivatives containing amino acids within this region were constructed and analyzed using the LacZ reporter system described above. LexA-Crt1(595-811) showed a significant repression activity, about 10-fold, compared to 25-fold for fulllength Crt1 fused to LexA (Fig. 2B ). Focusing our attention to this region, we constructed a number of LexA fusion proteins containing fragments of Crt1 between amino acids 595 and 811. Derivatives containing amino acids 595 to 709 or 644 to 709 did not have strong repression activity, although perhaps a weak level of repression was observed for the LexA-Crt1(585-709) protein (Fig. 2B) . Further, we found that a derivative containing amino acids 709 to 811 could repress transcription to a level equivalent to that of the 595-811 construct, indicating that the repression activity resides between amino acids 709 and 811. From here on, this will be referred to as the Cterminal repression domain.
The N-and C-terminal domains repress via distinct mechanisms. The mechanisms of the two Crt1 repression domains were examined by conducting the repression assay with corepressor mutants. Figure 3A shows that the ability of LexACrt1(1-240) to repress transcription was severely compromised in ⌬ssn6, ⌬tup1, and ⌬ssn6 ⌬tup1 cells compared to wild-type cells. This is consistent with GST pull-down data showing that the 1-240 region binds Ssn6-Tup1 in vitro (23; also see below) and suggests that the vast majority of the repression activity of this region is mediated through the corepressor complex. In contrast, LexA-Crt1(595-811) repressed transcription to similar levels in mutants and in wild-type cells, arguing that the C-terminal repression domain is not dependent upon the corepressor complex, again consistent with our observations that the C terminus of Crt1 does not bind to Ssn6-Tup1 in vitro. As reported previously, fusing full-length Crt1 to LexA repressed transcription about 20-to 25-fold, about half as well as LexACrt1(1-240) (23) . The cause of this is unknown. Nonetheless, the ability of full-length Crt1 to repress transcription was partially compromised in the corepressor mutants, and interestingly, the magnitude of its repression in corepressor mutants is similar to that of the LexA-Crt1(595-811) derivative. This result might be expected, given that the C-terminal repression domain functions independently of Ssn6-Tup1, and suggests it can repress the reporter construct within the context of fulllength Crt1.
Ssn6-Tup1 binds to HDACs, and deletion of multiple HDAC genes causes partial derepression of a number of Ssn6-Tup1 target genes, including RNR3 and HUG1 (8, 44, 47, 49) . This suggests that Ssn6-Tup1 represses gene expression by recruiting HDACs to promoters. Thus, we tested if HDACs are required for the function of the N-and C-terminal repression domains of Crt1. Even though the C-terminal repression domain of Crt1 functions independent of Ssn6-Tup1, it may repress transcription by directly recruiting HDACs. First, we examined the ability of LexA-Crt1 derivatives to repress transcription in a ⌬rpd3 mutant, since Rpd3 binds to Ssn6-Tup1 (8, 44) . Deleting RPD3 increased the activity of the reporter gene even when LexA alone was expressed. We found that the repression activity (repression over that of LexA) of the Nterminal domain was reduced about threefold in ⌬rpd3 cells compared to that in wild-type cells (Fig. 3B) . A significant of level of repression was observed, however, and the ability of the N terminus to repress was more strongly effected in corepressor mutants than the ⌬rpd3 mutant (compare Fig. 3A and  3B ). Deleting RPD3 weakly affected the ability of LexACrt1(1-811) to repress and had no significant effect on the activity of the C-terminal repression domain.
The inability of a single ⌬rpd3 mutation to fully compromise repression could result from redundancy among the HDAC genes. In many cases, deletion of multiple HDAC genes is required to observe significant levels of derepression of Ssn6-Tup1-regulated genes (8, 44; V. M. Sharma and J. C. Reese, unpublished data). Thus, we examined repression in strains containing deletions in multiple HDAC genes. Hda1 is reported to interact with Tup1 in vitro, although this is controversial (8, 44) , and thus, we extended our analysis to strains containing a ⌬hda1 mutation. Surprisingly, deleting HDA1 had no detectable affect on the ability of Crt1, or any of its derivatives, to repress in this assay (Fig. 3C) . Further, deleting HDA1 did not decrease the level of repression in a ⌬rpd3 background: the level of repression was very similar in the ⌬rpd3 and ⌬rpd3/hda1 mutants. This was unexpected, given that deletion of HDA1 caused increases in acetylation of histones at RNR3 and weak derepression of DNA damage-inducible genes (49; V. M. Sharma and J. C. Reese, unpublished data). The inability of the ⌬hda1 mutation to reduce repression by the N-terminal domain might be due to the fact that ⌬hda1 mutants show increased acetylation in only histone H3 and H2B in vivo, whereas deletion of RPD3 caused increases in all four histones (39) . Finally, we examined a triple mutant (⌬rpd3/⌬hos1/⌬hos2) that was shown to cause partial derepression of Tup1-regulated genes (7) and found that repression by the N-terminal domain was significantly reduced, but a measurable level of repression was still observed. In all HDAC mutants, the level of repression by the LexA-Crt1 derivatives was much less than that observed in the ⌬ssn6 and ⌬tup1 mutants (compare Fig. 3A with 3C ). This can be explained by the ability of Ssn6-Tup1 to repress by interfering with the mediator or affecting the positioning of nucleosomes over the promoter (for a review, see references 33 and 38). However, since we have not exhausted all combinations of HDAC mutations, it is unclear if this is the case.
The C terminus of Crt1(709-811) is a bona fide repression domain in vivo. The N-terminal repression domain of Crt1 functions through Ssn6-Tup1 (Fig. 3A) , but the mechanism of the C-terminal domain is not clear. The uncertainty of the mechanism of the C-terminal repression domain, and the fact that it was identified using an artificial assay system, prompted us to verify that it functions as a repression domain in vivo at native target genes. To do so, we have constructed Crt1 mutants containing truncations within its C terminus by introducing a stop codon by homologous recombination at its natural chromosomal locus (25) . CRT1 mutants crt1(⌬709-811) and crt1(⌬644-811) were isolated and analyzed. Deletion of amino acids 644 to 811 caused a very severe repression defect in RNR3 and HUG1, and the level of mRNA was close to that of MMS-treated cells or a ⌬crt1 mutant (Fig. 4A and Fig. 1 ). The complete loss of repression by this mutant is not consistent with the C terminus playing a lesser role in repression, as predicted from LexA-Crt1 reporter assays ( Fig. 2A) , suggesting that a trivial defect explains this result (see below). On the other hand, the crt1(⌬709-811) mutation caused partial dere- (Fig. 4A ). This observation is consistent with the weaker repression activity of the Cterminal domain in the reporter assay. Western blotting of extracts prepared from these cells revealed that the crt1(⌬644-811) and crt1(⌬709-811) mutants accumulate at lower and higher levels than wild-type Crt1, respectively (Fig. 4B) . The higher level of the crt1(⌬709-811) mutant protein may be caused by partial derepression of CRT1 transcription, since CRT1 represses its own expression as part of a negative feedback loop (20) . The lower level of the crt1(⌬644-811) mutant protein suggests that it might be unstable. Since these deletions are within the C terminus, which may play a role in DNA binding and/or dimerization (22; Z. Gearhart-Hines and J. C. Reese, unpublished data), we examined the ability of these mutants to cross-link to RNR3 in vivo, using the ChIP assay. Polyclonal antiserum raised against the N terminus of Crt1(1-240) was used, so these mutations should not affect protein-antibody interactions. As reported previously (20, 24) , strong cross-linking of wild-type Crt1 was detected over the RNR3 URS, and its association was reduced significantly by MMS treatment (Fig. 4C) . The assay also reveals that the crt1⌬644-811 mutant does not bind to RNR3 in vivo; thus, the repression defect results from the lack of promoter binding in vivo. In contrast, the crt1(⌬709-811) mutant cross-linked to RNR3 as well as the wild-type protein, and its cross-linking was reduced to a degree similar to that of wildtype Crt1 by MMS treatment (Fig. 4C) . This indicates that the reduced repression in the crt1(⌬709-811) mutant is not due to trivial defects in DNA binding or defects in the DNA damage response pathway. Since a function of Crt1 is to recruit Tup1 to promoters, the reduced repression in the crt1(⌬709-811) mutant could be caused by reduced Tup1 recruitment, although this is not expected given that Tup1 binds to the N terminus of Crt1. So we examined the ability of the crt1(⌬709-811) mutant to recruit Tup1 to RNR3, using the ChIP assay. Figure 4D shows that Tup1 cross-linked to RNR3 in the crt1(⌬709-811) mutant as well as in cells containing wild-type Crt1. Thus, the results of Fig. 4 strongly suggest that the C terminus of Crt1 plays a role in repression in vivo and that defects in promoter recognition or Tup1 recruitment cannot explain the reduced repression activity of the crt1(⌬709-811) mutant.
If in fact the C-terminal repression domain functions independently of the N-terminal domain and the Ssn6-Tup1 complex as the LexA-reporter system implies, then a Crt1 mutant containing a deletion of both the N-and C-terminal repression domains would display a level of derepression similar to that of a ⌬crt1 mutant. Unfortunately, deleting the N terminus of Crt1 produces mutants that are unable to bind to the RNR3 promoter in vivo and/or are not expressed to high levels (not shown). Thus, we used another strategy to test if the two domains function independently of each other in vivo. TUP1 or SSN6 was deleted in a crt1(⌬709-811) background, which we predicted would result in higher levels of derepression of RNR3 and HUG1 than the single mutants. Consistent with results shown in Fig. 1, deleting SSN6 , TUP1 or a combination resulted in a partial derepression compared to results with MMS-treated cells (Fig. 5) . Likewise, the crt1(⌬709-811) mutant displayed partial derepression. Importantly, deleting ei- have additional repression functions that lie outside of the 709-811 region and that it is Ssn6-Tup1 independent. Nonetheless, the results suggest that Crt1 has two repression domains that function through independent mechanisms, and both contribute to the repression of DNA damage-inducible genes in their natural context. The N-terminal repression domain is distinct from that required for coactivator interactions. The interaction of Crt1 with the TFIID coactivator is both puzzling and intriguing, considering that Crt1 is considered a repressor of gene transcription and is released from the promoter when the gene is activated (20, 24 ; also see Fig. 4C ). In our previous studies, the smallest N-terminal fragment of Crt1 identified to bind to both TFIID and Ssn6-Tup1 was the 1-240 fragment (23) . With the N-terminal repression domain redefined more precisely to amino acids 1 to 130 (Fig. 2) , we were interested in mapping the region required for TFIID interaction to see how closely the coactivator and corepressor interaction domains coincide. We examined the interaction of Crt1 with the Ssn6-Tup1, TFIID, and SWI/SNF complexes in GST pull-down assays (Fig. 6A ). Assays were conducted using in vitro-cotranslated Ssn6-Tup1 and whole-cell extracts. Ssn6 and Tup1 were cotranslated in the same reaction mix, but it is unclear that they form an intact Ssn6-Tup1 complex; however, Ssn6 and Tup1 can bind to Crt1 individually (20; B. Li and J. C. Reese, unpublished data). In vitro-translated Ssn6 and Tup1 interacted with GST-Crt1(1-240) as previously reported, and the interac- , consistent with the ability of the same region fused to the LexA DNA binding domain to repress transcription in the reporter system. In contrast, the interaction with TFIID was lost when as few as 40 amino acids were deleted from the C terminus of the fusion protein GST-Crt1(1-200). Thus, the coactivator and corepressor interaction domains are overlapping but not identical. Both the TFIID and SWI/SNF complexes are required for full induction of RNR3 and chromatin remodeling upon DNA damage, and SWI/SNF is recruited to the promoter of RNR3 (37) (see below). Therefore, we examined whether Crt1 can interact with SWI/SNF in whole-cell extracts. The results shown in Fig. 6B indicate that SWI/SNF interacted with Crt1, and the region required was the same as that required to bind to TFIID: both required the entire 1-240 region, and binding was abolished by further truncation ( Fig. 6B ; also data not shown).
Derepression-defective mutants discriminate activation and repression functions of Crt1. It is well established that certain eukaryotic repressor proteins also perform activation functions. Our finding that Crt1 interacts with two coactivators required for full activation of the DNA damage-inducible genes suggests that it may have a role in activation. We have attempted to perform temporal ChIP studies during the activation of RNR3 to monitor corepressor and Crt1 release and coactivator recruitment, but unfortunately, we could not resolve these steps (Z. Zhang and J. C. Reese, unpublished data). Thus, we turned to genetics to separate these two functions. Since the region of Crt1 that interacts with corepressors and coactivators is overlapping but distinct, mutants can be made that disrupt coactivator interaction without perturbing corepressor recruitment, therefore allowing us to discriminate its repression versus activation functions. We constructed a series of crt1 mutants with internal deletions within amino acid residues 160 to 240. These mutants were made in vitro and reintroduced back into the CRT1 locus, and the expression of RNR3 and HUG1 was examined. The Northern blot presented in Fig. 7A indicates that all of the mutants were capable of repressing RNR3 and HUG1 to a level equal, or nearly equal, to that of wild-type cells. Strikingly, four out of the six mutants were unable to achieve a high level of derepression upon MMS treatment (Fig. 7A) . These mutants, which will be referred to as "derepression defective" from here on, resulted from the deletion of amino acids 162 to 172, 172 to 202, 172 to 220, and 181 to 200. One of the mutants, crt1(⌬203-220), displayed a small amount of derepression and was capable of inducing RNR3 and HUG1 to higher levels than those for wild-type cells. The cause of this is unknown. All of the mutants are expressed to levels similar to those for wild-type Crt1 in cells (data not shown), which is expected given that their repression functions were intact.
Crt1 and Tup1 dissociate from the promoter upon DNA damage (20, 24, 48) (Fig. 4C and D) , and therefore, derepression could be blocked if the mutants are unable to sense the damage signal and/or leave the promoter. So we next examined the release of the Crt1 mutants and the Tup1 corepressor from the promoter upon DNA damage using the ChIP assay. Since we introduced mutations within the N terminus of Crt1, polyclonal antiserum raised against residues 240 to 811 of Crt1 was used. As shown in Fig. 7B , most mutants, except for the crt1(⌬172-220) and crt1(⌬203-220) mutants, showed normal cross-linking to the RNR3 promoter in untreated cells. We speculate that the reduced immunoprecipitation of DNA in the crt1(⌬172-220) and crt1(⌬203-220) mutant samples results from reduced cross-linking efficiency rather than reduced DNA binding ability in vivo, because these mutants display normal repression activities (Fig. 7A) and recruit Tup1 to the promoter (see below). It appears that all mutants containing a deletion of amino acids 203 to 220 cross-linked less well to RNR3. Interestingly, the region between 172 and 220 contains multiple lysine residues, with four clustered lysines between 203 and 220, which could serve as good targets for formaldehyde-mediated cross-linking. Upon DNA damage, the level of cross-linking of the derepression-defective Crt1 mutants was reduced in all cases. However, there were some differences. The reduction in cross-linking of some mutants was not equal to that of wild-type Crt1, specifically the crt1(⌬162-172), crt1(⌬172-202), and crt1(⌬181-200) mutants. The cross-linking of wild-type Crt1 was reduced about fivefold, whereas the reduction in these mutants was ϳtwo-to threefold.
Next, we examined corepressor recruitment and release by monitoring cross-linking of Tup1 to RNR3. Figure 7B shows that Tup1 is cross-linked to RNR3 in the absence of DNA damage, and treating cells with MMS resulted in a significant reduction. The ChIP assay reveals that Tup1 is cross-linked to RNR3 in all of the mutants; however, the level was slightly reduced compared to that in wild-type cells. This is unlikely to have functional consequences, since the mutants repress tran- Binding of Crt1 fragments to in vitro-translated and 35 S-labeled Ssn6 and Tup1 was analyzed using the pull-down assay, and the bound fraction and 1/20 of the input were detected by autoradiography. The retention of TFIID from whole-cell extracts was detected by Western blotting using polyclonal TAF1 and TBP antiserum. (B). Binding of SWI/SNF to the N terminus. Pull-downs were performed using extracts of cells containing the SNF2 gene tagged with nine-Myc epitopes, and the bound protein was detected using the monoclonal antibody 9E10.
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on September 8, 2017 by guest http://mcb.asm.org/ scription as well as the wild type (Fig. 7A) , and reduced Tup1 cross-linking was observed in the crt1(⌬172-182) mutant, which is not derepression defective. Importantly, Tup1 crosslinking in every mutant was reduced by MMS treatment to a level similar to that observed in the wild-type cells. These results argue against defects in corepressor release. Furthermore, Tup1 release was not impaired in the Crt1 mutants [crt1(⌬162-172), crt1(⌬172-202), and crt1(⌬181-200)], which showed a small reduction in their release from the promoter upon MMS treatment (Fig. 7B) . Thus, the reduced reduction in the cross-linking of these Crt1 mutants has no obvious effect on the corepressor. Chromatin remodeling defects in derepression-defective mutants. Derepression of RNR3 requires the SWI/SNF chromatin remodeling complex and correlates with a dramatic disruption in nucleosome positioning (24, 37, 48) . We next examined if the chromatin remodeling step is blocked in the derepression-defective mutants and in the crt1⌬172-182 mutant as a control. Wild-type and mutant cells were either treated with MMS or left untreated, and nuclei were isolated and subjected to MNase digestion. In the absence of DNA damage, the promoter and coding sequence of RNR3 are embedded in an array of well-positioned nucleosomes in all the strains (Fig. 8) , indicating that these mutants are capable of establishing repressive chromatin structure. This correlates well with their ability to repress transcription and recruit Tup1 to the promoter (Fig. 7) . Upon DNA damage, chromatin was dramatically remodeled in the wild-type strain and in the crt1⌬172-182 control mutant, as expected. However, no evidence of nucleosome remodeling was detected in all of the derepression defective mutants tested; the digestion pattern in these mutants is indistinguishable in control and MMS-treated cells (Fig. 8) . Specifically, the internucleosomal hypersensitive sites are maintained and the DNA underlying the nucleosome is resistant to MNase compared to naked DNA samples. Thus, these mutants are blocked after Tup1 release and at the remodeling step.
Derepression-defective mutants cannot recruit coactivators in vivo. The rationale for constructing these mutants was to delete regions of Crt1 that are required for coactivator binding but are dispensable for corepressor binding. Thus, we examined the ability of some of the mutants to retain TFIID and SWI/SNF from whole-cell extracts. TFIID binding was monitored using antibodies to TAF1p and TAF6p and to SWI/SNF using antibodies to Snf2p. Binding assays were performed using whole-cell extracts as described in the legend to Fig. 6 . As noted before, both complexes bound to GST-Crt1(1-240) but not to the smaller derivative GST-Crt1(1-200) or to GSTCrt1(240-811) (Fig. 9) . GST-Crt1(1-240 ⌬172-182), which is not derepression defective in vivo, was also capable of retaining these complexes from whole-cell extracts. Surprisingly, two of the three derepression-defective mutants examined bound TFIID and SWI/SNF as well as wild-type GST-Crt1(1-240). On the other hand, the ⌬172-220 derivative failed to bind to these complexes in this assay. Even though we expected to see a better correlation between the activation defects and binding, it is possible that the less-extensive mutations (smaller deletions) weaken the binding in vivo, but this cannot be detected in the pull-down assay (see below).
The ChIP assays for Crt1 and Tup1 described above suggest that activation of RNR3 involves steps in addition to the dissociation of repressors from the promoter, and the lack of chromatin remodeling implies a defect in SWI/SNF recruitment or function. We examined the recruitment of SWI/SNF using a polyclonal antiserum to Snf2. As reported previously, SWI/SNF was recruited to the RNR3 promoter upon DNA damage in wild-type cells (37) (Fig. 10) . Likewise, it was also recruited well in the crt1⌬172-182 and crt1⌬203-220 mutants, which are not derepression defective. Strikingly, no SWI/SNF recruitment was observed in any of the derepression-defective mutants. Thus, the remodeling defect observed in the mutants is caused, at least in part, by a lack of SWI/SNF recruitment. Next, we examined the recruitment of TFIID using polyclonal antiserum against TBP and TAF1. All of the derepression- defective mutants were likewise defective for TFIID recruitment, in contrast to the increase observed in the wild type and the crt1⌬172-182 and crt1⌬203-220 mutants (Fig. 10) . Thus, our data show that these mutants are defective for TFIID and SWI/SNF recruitment and nucleosome remodeling, which indicates that the mutants are blocked at the coactivator recruitment step after corepressor release. Furthermore, even though we failed to detect a defect in the binding of two of the three derepression-defective mutants to TFIID and SWI/SNF in pull-down assays in vitro (Fig. 8) , these mutants are defective for SWI/SNF and TFIID recruitment in vivo. Collectively, our results suggest that Crt1 participates in the activation of RNR3 via a two-step regulatory mechanism, corepressor release, and coactivator recruitment.
DISCUSSION
DNA binding proteins in yeast are usually defined as activators or repressors based upon the transcriptional phenotypes of their mutants. For example, if deleting a gene for a transcription factor causes enhanced transcription, it is defined as a repressor. Crt1 was isolated as a repressor, and it was not thought to act as an activator (20, 51) . In the case of the DNA damage-inducible RNR genes, Crt1's role in activation was inconsistent with the current model that it is phosphorylated and released from the promoter upon gene activation and that the RNR genes are strongly expressed in a ⌬crt1 mutant (20, 24) . Furthermore, the coactivators TFIID, SWI/SNF, and Mediator are constitutively associated with the promoter of RNR3 in a ⌬crt1 mutant, suggesting that it is not essential for transcription factor recruitment (37) . All of the above argue that Crt1 acts only as a repressor at DNA damage-inducible genes. However, its potential to be involved in activation functions was suggested by its interaction with TFIID (23), but it was unclear if Crt1 can act as a dual activator-repressor at a specific gene or as an activator at one locus and a repressor at another. Fragments of Crt1 from the wild type and mutants were expressed in E. coli and purified as GST fusion proteins. The pull-down assay was carried out with a yeast whole-cell extract prepared from an SNF2-9Myc strain. Antibodies against the Myc epitope (9E10), TAF1, and TAF6 were used to detect the proteins retained from the extract.
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By constructing CRT1 mutants capable of recruiting and releasing Ssn6-Tup1, we demonstrate that Crt1 performs essential activation functions during the DNA damage response. The derepression-defective mutants recruit Ssn6-Tup1 and establish a repressive nucleosomal array over RNR3 in the absence of DNA damage, sense DNA damage signals, and release from the promoter but are blocked at the coactivator recruitment step. If Crt1 plays a role in activation, why do ⌬crt1 mutants display constitutive transcription and coactivator recruitment (37)? We argue that disabling the repression mechanism genetically, by deleting CRT1, is not equivalent to the reversal of the repressed state caused by the physiological, signaled release of Crt1-Ssn6-Tup1 from the promoter. Since Crt1 (with Ssn6-Tup1) is required to establish repression and position nucleosomes, repression is never established in the ⌬crt1 mutant. Thus, Crt1's role in activation is masked. It is likely that the activator function of Crt1 is required to overcome the barriers to transcription established by Crt1 and the Ssn6-Tup1 corepressor complex, in particular, the repressed chromatin structure at the promoter. It's analogous to a locked door. The key is needed only when the door is locked, but once unlocked, it is no longer required to pass through. In a broader sense, these results suggest that defining the activities of a protein based solely upon the phenotypes of a null mutant can be misleading. A similar conclusion can be drawn from recent analysis of the Tup1 corepressor (28, 29) . Crt1 is required to overcome its own repression and acts as a repressor-activator via a novel mechanism. DNA damage signals convert Crt1 from a repressor to an activator, perhaps via its phosphorylation (20) . The mechanism of how transcription factors act as a signal-dependent repressor activator is best characterized for steroid hormone receptors, where unbound receptor recruits corepressors and ligand binding causes corepressor release and coactivator recruitment (for a review, see references 16 and 40) . Similarly, in yeast, Ume6 acts as a repressor and activator of early meiotic genes. This mechanism involves the signal-dependent release of the Sin3-Rpd3 HDAC complex and the association of Ime1 with Ume6 to form an activator complex (3, 34, 43) . Another example is Sko1, a regulator of stress-dependent genes. Hog1-dependent phosphorylation of Sko1 causes it to be converted to an activator in collaboration with the Ssn6-Tup1 repressor complex (29) . Despite some similarities, we propose that the mechanism used by Crt1 is fundamentally different from these examples, because Crt1 and Tup1 disassociate from the promoter, whereas steroid receptors, Ume6, and the Sko1-Ssn6-Tup1 complex remain bound to their promoters in the activated state. Thus, Crt1 functions as an activator by a novel mechanism. Crt1 must act in a transient manner, and once it initiates activation and coactivator recruitment, it is no longer required to sustain gene expression. A model to consider is one where Crt1 recruits SWI/SNF and TFIID to the promoter after corepressor release, causing some chromatin remodeling of the TATA-containing nucleosome. In other words, Crt1 initiates the first steps in remodeling. After the TFIID complex is firmly associated with the promoter, Crt1 disassociates, SWI/SNF is retained by contacts with preinitiation complex components, and full remodeling and transcription occur. This would be consistent with our data showing that general transcription factors are necessary to recruit SWI/SNF and that inactivating TAF12 or the large subunit of RNA polymerase II (Rpb1) in a ⌬crt1 background causes the loss of SWI/SNF recruitment (37) . While it is clear that Crt1 is required to recruit TFIID and SWI/SNF, it remains to be seen if it does so directly.
Another possibility is that Crt1 acts as a founding transcription factor that is required for the recruitment of another activator, which in turn recruits coactivators. The delivery of the activator to its binding sites requires the N terminus of Crt1, which is disrupted in the derepression-defective mutants. Such an activator has not been identified as of yet. This model is somewhat similar to the "hit and run" mechanism used by the glucocorticoid receptor (GR). In vivo footprinting experiments with the rat TAT gene suggest that activated GR binds to its response element (GRE), modifies local chromatin structure, and recruits HNF5 to the GRE, and GR disassociates, leaving HNF5 to carry out activator functions (31) . Further, in vitro assays suggest that GR recruits SWI/SNF complex to the template and SWI/SNF-dependent remodeling causes the dis- FIG. 10 . SWI/SNF and TFIID recruitment in the derepressiondefective CRT1 mutants. ChIP experiments were carried out to examine SWI/SNF and TFIID recruitment to the RNR3 promoter in response to DNA damage. Bars labeled with "ϩ" indicate signals from cells treated with 0.03% MMS for 2 h, and "Ϫ" indicates untreated cells. Polyclonal antisera against Snf2, TAF1, and TBP were used. Immunoprecipitated (IP) and input DNA was amplified using primers flanking the core promoter (TATA box) of RNR3. The data are the averages and standard errors of four independent repetitions. VOL. 25, 2005 TWO-STEP REGULATION BY REPRESSOR Crt1 7409
on September 8, 2017 by guest http://mcb.asm.org/ placement of GR (13, 26) . While our model is reminiscent of a "hit and run" model, it appears to be mechanistically different. Crt1 is released from the promoter in a ⌬snf2 mutant and in the derepression-defective mutants in the absence of SWI/ SNF recruitment ( Fig. 7B and 10 ) (Z. Zhang and J. C. Reese, unpublished data); thus, SWI/SNF is not required for Crt1 release.
Functional homology between yeast Crt1 and human RFX1. Crt1 belongs to a family of conserved transcription factors containing a modified winged-helix DNA binding domain and a separate and independent dimerization domain within the C terminus (12, 14) . Its mammalian homologues, the RFX factors, can function as context-dependent activators and repressors of transcription (12, 21, 22, 36) . RFX1 and Crt1 display significant homology only in their DNA binding regions (12) ; however, even though homology is limited to the DNA binding domains, Crt1 and RFX factors carry out parallel functions. Our results suggest that Crt1 is a multifunctional protein containing at least two repression domains and has an undiscovered role in transcriptional activation. The repression domains reside in the N and C termini. Interestingly, each domain functions through a unique mechanism. The N-terminal domain, which is the dominant, binds to Ssn6-Tup1 in vitro and requires SSN6, TUP1, and HDACs to repress transcription in the LexA reporter assay described here. Crt1 also possesses a weaker, but significant, repression activity within its C terminus. Our results do differ from a published report showing that the C terminus of Crt1 displayed no repression functions in mammalian cells when fused to the DNA binding domain of RFX1 or Gal4 (22) . The apparent inconsistency between our results and those of Katan-Khaykovich et al. could be due to differences between the two reporter systems, since RFX proteins function in a context-dependent manner and/or some cofactors required for Crt1 function might be missing in mammalian cells. In this regard, it is important to point out that we verified that the C-terminal repression domain of Crt1 is required for the full repression of two natural target genes in vivo (Fig. 4A) . Thus, we argue that the C terminus of Crt1 contains a bona fide repression domain that is important in its ability to act as a repressor. Interestingly, human RFX1 contains a repression function in its C terminus (22) , suggesting that this function is conserved among eukaryotes. The C-terminal domain may be important in attenuating the expression of the RNR genes in the early stages of repression after DNA damage signals diminish, which will facilitate the assembly of a Crt1-Ssn6-Tup1 complex to firmly establish a full level of repression. Alternatively, the C terminus might play a greater role in the repression of other genes. Whereas a great deal of effort has been spent in analyzing how genes are activated from the repressed state, little is known about how repression is reestablished at active loci.
